The candidate gene approach was used to identify genes associated with residual feed intake (RFI) in beef steers. The approach uses prior knowledge of gene functions to predict their biological role in the variation observed in a trait. It is suited to identify genes associated with complex traits where each gene has a relatively small effect. First, positional candidate genes were identified within the genomic positions of previously reported QTL associated with component traits related to RFI such as dry matter intake (DMI), growth, feed conversion ratio (FCR), average daily gain (ADG), and energy balance. Secondly, the positional candidate genes were prioritized into functional candidate genes according to their biological functions and their relationship with the biological processes associated with RFI including carbohydrate, fat and protein metabolism, thermoregulation, immunity and muscle activity. Single nucleotide polymorphisms (SNPs) located within the functional candidate genes were identified using mRNA sequences and prioritized into functional classes such as non-synonymous (nsS-NP), synonymous (sSNP) or intronic SNP. A total of 117 nsSNP were considered as functional SNP and genotyped in steers at the University of Alberta ranch in Kinsella.
Multiple marker association analysis in ASReml was performed using RFI data obtained from 531 beef steers. Twenty-five SNP were significantly associated with RFI (P < 0.05) accounting for 19.7% of the phenotypic variation. Using SIFT program to predict the effect of the SNP on the function of the corresponding protein, 3 of the 25 SNP were predicted to cause a significant effect on protein function (P < 0.05). One of the 3 SNP was located in the GHR gene and was also associated with a significant effect on the tertiary structure of the GHR protein (P < 0.05) as modeled using SWISSModel software. Least square means for each genotype were estimated and an over-dominance effect was observed for the SNP located in the GHR, CAST, ACAD11 and UGT3A1 genes. In addition, 2 other SNP showed a dominance effect and 3 genes had an additive effect. Gene network analysis performed in Ingenuity pathway analysis (IPA) software (Ingenuity Systems, www.ingenuity.com) indicated that the significant genes were involved in biological pathways such as lipid, protein and energy metabolism, electron transport and membrane signaling. The genes in this study, if validated in other beef cattle populations, may be useful for marker assisted selection for feed efficiency.
INTRODUCTION
In beef cattle, residual feed intake (RFI) is defined as the difference between actual and predicted feed intake (Koch et al., 1963) . Therefore, variation in RFI may be due to variation in biological processes involved in maintenance of body weight (BW) and production (Herd and Arthur, 2009) . Although the specific processes are unknown (Crews, 2006) , Herd and Arthur (2009) estimated that metabolism would directly account for about 42% of the variation in RFI. Other sources of variation may include body composition (5%), digestion (10%), physical activity (9%), and thermoregulation and heat increment of feeding (9%) and the remaining 25% is due to unknown factors (Richardson and Herd, 2004; Herd and Arthur, 2009) .
The genetic basis of RFI has been investigated and markers associated with RFI in beef cattle have been identified (Barendse et al., 2007; Sherman et al., 2008 Sherman et al., , 2009 Moore et al., 2009; Bolormaa et al., 2011; Snelling et al., 2011; Elzo et al., 2012) and may be used for marker-assisted selection (MAS). However, some of these markers are located in introns ) so their biological effect may not be easily explained. In addition, markers accounted for a small proportion of the variation in RFI (for example 6.9% in Sherman et al., 2008) . There is need to identify markers that will explain a larger proportion of variation in RFI and whose effects can be reproducible across populations. The candidate gene approach is well suited for identifying genes that may account for more variation in RFI and may be reproducible in other beef cattle populations.
In this study, we used the candidate gene approach to identify SNP significantly associated with RFI and reconstructed gene networks using Ingenuity pathway analysis (IPA) software (Ingenuity Systems, www.ingenuity.com) to identify biological pathways associated with the significant genes. If validated, these genes could be used for MAS in beef cattle for RFI.
MATERIALS AND METHODS
All the animals were managed and cared for according to the guidelines of the Canadian Council on Animal Care, CCAC (Olfert et al., 1993) .
Phenotypic and genotypic data were obtained from 531 beef steers at the University of Alberta ranch at Kinsella, Canada. The steers used were sired by Angus, Charolais, or University of Alberta hybrid bulls. Dams were produced from crosses among 3 composite cattle lines: Beef Synthetic 1, Beef Synthetic 2, and Dairy × Beef Synthetic. The breed composition of the Beef Synthetic groups was described by Goonewardene et al. (2003) . The steers were managed and tested under feedlot conditions using the GrowSafe automated feeding system (GrowSafe Systems Ltd., Airdrie, Alberta, Canada) as described by Nkrumah et al. (2004) .
Phenotypic Data
Phenotypic data was collected from 531 steers born between 2003 and 2006. The collection of feed intake data and calculation of RFI was discussed in detail by Basarab et al. (2003) . In summary, the actual feed intake for each steer was measured using the GrowSafe automated feeding system (GrowSafe Systems Ltd., Airdrie, Alberta, Canada). This feed intake was converted to DMI by multiplying it by the dry matter (DM) content of the diet. Dry matter intake was then standardized to 10 MJ of metabolizable energy (ME)/ kg of DM. The predicted feed intake was estimated based on metabolic midweight and ADG. The ADG was calculated as the slope from the regression of BW on test day. Metabolic midweight was obtained as the midweight on test to the power of 0.75.
Genotypic Data
Identification of Positional Candidate Genes. Two sets of positional candidate genes were used in this study. The first set consisted of 1,100 candidate genes positioned within a range of 500 kbp on either side of 203 QTL reported in the Bovine QTL database (cattleQTLdb; Hu et al., 2010) . These QTL were associated with ADG, feed conversion ratio (FCR), BW, DMI, metabolic BW, energy balance, and RFI. There was at least 1 QTL for BW on each chromosome except chromosomes 5, 9, 13, and 24. The QTL for FCR, DMI, and ADG were located on chromosomes 18, 17, and 16, respectively. Only 3 QTL were associated with RFI and were located on Bos taurus chromosome (BTA) 25. The second set of positional candidate genes consisted of 1,018 genes positioned within a range of 500 kbp on both sides of 310 SNP previously reported to be significantly associated with RFI in a genomewide association study using the 50K bovine SNP chip Illumina BovineSNP50 BeadChip (Illumina Inc. San Diego, CA; Mujibi et al., 2011) . A total of 2,118 positional candidate genes were used in this study.
Single Nucleotide Polymorphism Detection. The SNP located in the positional candidate genes were identified from the National Center for Biotechnology Information (NCBI) SNP database (dbSNP; Sherry et al., 2001) and by comparing cDNA sequences generated from liver samples from steers at the University of Alberta ranch at Kinsella, Canada, with reference sequences from Ensembl version 57 (Wellcome Trust Genome Campus -Hinxton, UK; Hubbard et al., 2009) .
To generate the cDNA library, RNA was prepared from pooled liver samples using TRIzol reagent (Invitrogen, Carlsbad, CA) using the protocol described in the TRIzol reagent user manual (Connolly et al., 2006) . The quality and quantity of RNA was determined using a NanoDrop 2000 spectrophotometer (NanoDrop technologies Wilmington, DE; Gallagher and Desjardins, 2007) . The liver cDNA library was constructed according to the TruSeq RNA and DNA sample preparation kit (Illumina Inc.; publication number 970-2009-039) and cDNA sequencing was performed on the Genome Analyzer II using the TruSeq RNA and DNA sample preparation kit (Illumina Inc.) .
To generate a list of putative SNP, Maq (http:// maq.sourceforge.net; version 0.7.1; Li et al., 2008) was used to map DNA sequencing reads and the bovine transcript sequences from Ensembl version 57 (Hubbard et al., 2009 ) were used as reference sequences. The SNP returned by the Maq SNPfilter command were annotated using a collection of command-line scripts ) NGS-SNP by assigning a functional class to each SNP (e.g., nonsynonymous) and then providing Ensembl identifiers and gene ontology terms for the affected genes, when applicable. Only the nonsynonymous SNP were considered functional candidate SNP. Functional candidate SNP were then filtered by discarding those with a minor allele frequency less than 10%.
The positional candidate genes containing functional SNP were then prioritized according to their functions in relation to the physiology of feed efficiency as reviewed by Herd and Arthur (2009) . Positional candidate genes with functions related to metabolism (catabolism and anabolism), carbohydrate, lipid, and protein metabolism, body temperature regulation, muscle activity, and immunity (Herd and Arthur, 2009) were considered functional candidate genes and a final set of 116 genes was obtained. The nonsynonymous SNP from each gene were prioritized based on the expected effect of the AA change such that among several SNP; a nonconservative AA change was considered of greater priority than a conservative AA change in the same gene. A total of 117 SNP were selected within the 116 genes, 1 SNP from each gene and 2 SNP from the calpastatin (CAST) gene, and genotyped at GeneSeek (Lincoln, NE) using DNA samples obtained from steers at the University of Alberta ranch at Kinsella, Canada.
Association Analysis
The total number of steers that had both genotypic and corresponding phenotypic data was 531. These steers were born at the University of Alberta ranch in Kinsella, Canada, between 2003 and 2006 . In each year, the feeding tests were conducted in spring and fall seasons; therefore, each year had 2 batches of steers that were entered into the feeding test to evaluate their RFI.
Of the 117 functional SNP, 113 were successfully genotyped. The total number of SNP removed from the analysis was 39. These included SNP that were monomorphic in the Kinsella population and those with missing values greater than 5%. A final set of 74 SNP was used in the analysis. The multiple marker association analysis was performed using the animal model is the sum of the SNP effects (g), X 2j is a design matrix relating an observation (y) to 1 of the genotypes 0, 1, or 2 at the jth SNP, and a is a vector of random additive effects (exclusive of SNP g effect or effects in the model) constructed using the pedigree information of each animal. It was assumed to be normally distributed with a mean of 0 and variance of Aσ 2 a , in which A represented the additive relationship matrix. Also, e is the vector of random residual effects assumed to be normally distributed with a mean of 0 and a variance of Iσ 2 in which I was an identity matrix.
The h 2 was calculated as
, in which σ 2 a was the additive variance, σ 2 g was the variance explained by the SNP, and σ 2 e was the residual variance.
The variation accounted for by the significant SNP was estimated as a contrast between the residual variance in a reduced model (Y ij = X 1i β + Za + e ) and the full model (Eq. [1]) as described by Yang et al., 2011 .
The association analysis was performed using ASReml 3.0 VSN International Ltd. Hemel Hempstead, UK (Gilmour et al., 2009) . The 3 genotypes were coded 0, 1, and 2 such that the heterozygous genotypes were coded 1 and the rare homozygote was coded 0. Missing values were coded 9 and were included in the analysis.
Genotypic effects were estimated in ASReml 3.0 and represented as Y 0 , Y 1 , and Y 2 corresponding to the effect of genotype 0, 1, and 2, respectively. The additive effect (A) for each SNP was calculated using the formula A = 0.5(Y 0 -Y 2 ) and dominance effect (D) was calculated using the formula
Contrasts between marker effects for each genotype were estimated using a t test and the significance was determined as the probability that the effects for the 2 genotypes were equal: (Y 0 = Y 1 ), (Y 1 = Y 2 ), or the difference between the 2 genotypic effects is 0:
Linkage disequilibrium (LD) analysis between the significant SNP was performed using GoldenHelix SNP and Variation suite version 7.x (Golden Helix, Bozeman, MT). An R 2 between 2 SNP would be considered significant LD if it was >0.5.
Assessing the Effect of SNP on Protein Structure and Function
The SIFT (sorting intolerant from tolerant) program (http://sift.jcvi.org/; Ng and Henikoff, 2003) was used to predict whether the AA substitution from the significant SNP significantly affected the function of the proteins. Given a protein sequence, SIFT chooses related proteins and obtains an alignment of these protein sequences with the query sequence. Based on the AA appearing at each position in the alignment, SIFT calculates a score, which is the normalized probability that the AA change is tolerated and scores less than 0.05 are predicted as deleterious (Ng and Henikoff, 2003) .
The effect of the SNP on the tertiary structure of the respective proteins was assessed using SWISSModel protein modeling software (http://swissmodel.expasy. org/; Arnold et al., 2006) . Models of the tertiary structures of proteins with SNP were then compared with models from the corresponding reference proteins using the DaliLite program (www.ebi.ac.uk/Tools/ structure/dalilite/; Holm and Park, 2000) .
Reconstructing Gene Networks
Gene interaction networks were reconstructed from the significant genes using the IPA software (Ingenuity Systems, www.ingenuity.com/). The same program was used to identify biological processes and canonical pathways associated with the significant genes. To reconstruct the gene network, a list of significant genes and their corresponding P-values were imported into the IPA software and the parameters were set to allow the network to include indirect relationships between the imported genes and genes in the database. Indirect relationships would assist in the identification of other genes that were not among the genes analyzed but may be associated with RFI. The IPA algorithm generates gene networks by mapping each gene identifier to its corresponding gene in the IPA Knowledge Base (Calvano et al., 2005) . The genes are then overlaid onto a global molecular network developed from information contained in the Knowledge Base. The networks are generated based on their connectivity such that each network has a maximum of 35 imported genes. Each network is assigned a significance score, which represents the likelihood that the imported genes within the network are found therein by random chance (Calvano et al., 2005) . A high number of imported genes within a dataset lead to a greater network score. The network score is calculated as the negative of the exponent of the P-value such that a score of 25 will be equal to a P-value of 10 -25 (Calvano et al., 2005) . And therefore larger scores correspond to high significance.
RESULTS AND DISCUSSION

Analysis of Phenotypes
The RFI values ranged from -2.34 to +2.44 kg·d -1 and as for other biological traits, RFI was normally distributed in the test animals and had a mean of -0.0061 kg·d -1 , a phenotypic variance of 0.64 (kg/d) 2 , and a SD of 0.80 kg•d -1 . The descriptive statistics for the other phenotypes are shown in Table 1 .
Phenotypic correlations indicated that RFI was independent of ADG but was significantly (P < 0.0001) correlated with feed intake and DMI as shown in Table 2 . The FCR was significantly (P < 0.0001) correlated with RFI, ADG, and DMI. These correlations were consistent with those reported by Sherman et al. (2008) .
Association Analysis
Association analysis identified 25 SNP in 24 candidate genes significantly associated with variation in RFI (P ≤ 0.05) accounting for 19.7% of the phenotypic variation in RFI. A summary of the significant SNP is presented in Table 3. These SNP were located on BTA 1, 2, 4, 7, 15, 18, 20, and 29 and the number of SNP on each chromosome was 4, 7, 1, 2, 2, 1, 7, and 1, respectively, indicating that majority of the significant SNP were located on BTA 1, 2, and 20.
The chromosome BTA1 contains previously reported QTL for ADG and carcass weight (Komatsu et al., 2011) , body length, hip height, and heart girth (Liu et al., 2010) , and postnatal growth, carcass rib eye area, and calving ease (McClure et al., 2010) .
A QTL on BTA2 was previously reported to be associated with average daily feed intake, ADG, and dressed carcass bone percentage in beef cattle (Martinez et al., 2010) . Other QTL on this chromosome were associated with BW (Kneeland et al., 2004) and body conformation score in beef cattle (Allais et al., 2010) .
The chromosome BTA20 has been reported to contain several QTL related to BW and ADG in cattle. The SNP located in the prolactin receptor (PRLR) were significantly associated with BW, ADG, body height, body length, and heart girth in beef cattle (Lü et al., 2011) and rib eye muscle area and calving ease (McClure et al., 2010) There was significant LD between the 2 SNP on chromosome 7 with an R 2 value of 0.6 and both were located in the CAST gene. The rest of the SNP had a nonsignificant R 2 ≤ 0.2.
The effects associated with each genotype are shown in Table 4 as Y 0 , Y 1 , and Y 2 corresponding to genotype 0, 1, and 2, respectively. The genotypes whose effects were additive included NECAP2, OCLN, and OSMR (Fig. 1a) . Other SNP showed a dominance effect such as UMPS and CAST (1) (see Fig. 1b ). An overdominant effect was observed in the genotypes for GH receptor precursor (GHR) gene, ACAD11, UGT3A1, and CAST (2) (see Fig.  1c ). However, some SNP had a relatively low number of observations (<20) for at least 1 of the genotypes (Table  4 ) making the estimates potentially unreliable and may require reestimation using larger sample sizes.
Single Nucleotide Polymorphisms Predicted to Cause Significant Effect on Protein Structure and/or Function
Of the 25 significant SNP, 3 SNP were predicted to cause a significant effect on the function of their respective protein using SIFT. These included the cytochrome P450 subfamily 2B (CYP2B), the lowdensity lipoprotein receptor related protein 5 (LRP5), and the GHR gene. The SNP in the GHR gene was also predicted to cause a significant effect on the tertiary structure of the protein.
Single Nucleotide Polymorphisms with an Effect on the Structure and/or Function of the Protein
Growth Hormone Receptor Precursor. The SNP located in the GHR gene was significantly associated with RFI (P = 0.026). This gene is located in BTA20 within QTL for BW and energy balance. We did not identify any additional genes with functional relevance to RFI in this region.
The effect of the SNP in the GHR gene was overdominant with the heterozygous genotype associated with an effect of -135.3 g/d. This effect was 226.4 and 179.5 g/d less than the effects associated with the 2 homozygous genotypes 0 and 2, respectively; therefore, it was more preferred for RFI than the 2 homozygous genotypes. A gene network analysis indicated close interactions between the GHR gene and ubiquitin C (UBC), leukemia inhibitory factor receptor (LIFR), Janus kinase (JAK), OSMR, ERK1/2, CLCF1, STAT5 and STAT1/3/5 genes.
The GHR gene encodes a receptor for GH, which is involved in regulating body growth. Binding of GH to the receptor leads to dimerization of the receptor and the activation of signal transduction pathway, including the JAK2/STAT5 pathway. The JAK-STAT system consists of 3 main components: a receptor, JAK, and a signal transducer and activator of transcription (STAT). This system transmits chemical signals from outside the cell, through the cell membrane, into gene promoters on the DNA and causes DNA transcription activity (Aaronson and Horvath, 2002) . Some of the genes influenced by the STAT activator of transcription are IGF1, IGF2, IGFBP3, and ALS. The IGF genes are involved in the regulation of growth and cellular anabolism and have already been reported to be associated with feed efficiency (Bishop et al., 1989; Stick et al., 1998) .
A similar association of the GHR gene and RFI was reported in a previous study by Sherman et al. (2008) . The SNP reported by Sherman et al. (2008) were located in the introns and the promoter region. Although the SNP in the promoter region may have an effect on gene expression, the SNP in this study was located in an exon and as predicted may have an effect on protein structure and function.
Other studies have reported significant associations between GHR and productivity traits in cattle such as growth and carcass traits in Zebu and crossbred cattle (Curi et al., 2006) and carcass weight, percentage of valuable cuts, ADG, and FCR (Maj et al., 2004) .
The Low Density Lipoprotein Receptor Related Protein Fragment 5. The SNP located in the LRP5 gene was significantly associated with RFI (P = 0.018). This gene is located in a BW QTL on chromosome 29 close to other possible candidate genes for RFI such as pyruvate carboxylase (PC), NADH dehydrogenase flavoprotein 1 (NDUFV1), and aldehyde dehydrogenase 3B1 (ALD-H3B1). These genes were not included in this study.
This SNP showed a significant (P < 0.05) additive effect and the homozygous genotype 2 was associated with the favorable effect on RFI at -147 g/day. However, in this case there were only 3 and 27 observations for genotypes 0 and 1, respectively; therefore, these estimates may be unreliable.
The gene network analysis showed interactions between this gene and the UBC and ERK1/2 genes. An analysis of ERK1/2 indicated that the signal that stimulates the ERK1/2 then stimulates CEBPα. The CEBPα is a transcription factor protein that binds to certain promoters 2 Gene ontology and functions were obtained from Ashburner et al., 2000. 3 Some SNP contained different alleles in the University of Alberta population compared with those reported in the Ensembl database. The alleles reported in the database are shown in parenthesis. 4 The SNP in these genes were predicted to cause a significant effect on the function of the protein.
and enhancers and modulates the expression of these genes. The most important genes modulated by this protein are leptin and GH. Several studies have reported the significant association between leptin and RFI (Hoque et al., 2009; Kelly et al., 2009) . The biological processes associated with LRP5 included energy, lipid, and cholesterol metabolism (Fujino et al., 2003) . The SNP resulted in an AA change from Met to Val. A comparative analysis of the homologs of this gene in 10 species was performed in NCBI and indicated that 6 of the 10 species had the AA Val at that position and the mouse (Mus musculus) and the rat (Rattus norvegicus) had the AA Met. Other species that differed in their AA composition at that position were Drosophila melanogaster (Leucine) and the mosquito (A. gambiae) with Ser.
The AA Met and Val are both nonpolar AA and may explain why the effect of the AA change on the tertiary structure of the protein was not significant.
The LRP5 gene is associated with biological processes that affect bone density in humans (Ashburner et al., 2000) . Other gene ontology terms associated with this gene are adipose tissue development, cholesterol homeostasis, and glucose catabolism (Ashburner et al., 2000) .
Cytochrome P450 Subfamily 2B. The SNP in the CY-P2B gene was significantly associated with RFI (P = 0.014) and was predicted to cause a significant effect on protein function. The homozygous genotype 0 was associated with -1 ) represented as Y0, Y1, and Y2 for genotypes 0, 1, and 2, respectively. Where genotypes 0 and 2 corresponded to the homozygous genotypes consisting of alleles with low and high frequency respectively, and 1 was the heterozygous genotype. The additive effect (A) for each SNP was estimated using the formula; A = 0.5(Y_0-Y_2) and dominance effect (D) was estimated using the formula D = Y_1-[0.5(Y_0+Y_2 )]. Contrasts between genotypic effects were estimated using a t-test and the significance was determined as the probability that the effects for the two genotypes were equal; (Y0 = Y1), (Y1 = Y2) or the probability that the difference between the two genotypic effects is 0; (Y0 -Y1 = 0), (Y1 -Y2 = 0). The significant genes included: PARP14 protein fragment (PARP14), Uridine 5 -monophosphate synthase (UMPS), Ubiquitin-like modifier activating enzyme 5 (UBA5), Acyl-CoA dehydrogenase family member 11 (ACAD11), Bridging integrator 1 (BIN1), Asparagine synthetase domain-containing protein 1 (ASNSD1), MKI67 FHA domaininteracting nucleolar phosphoprotein (MKI67IP), Aldehyde oxidase (AOX1), SWI/SNF-related matrix-associated actin-dependent regulator (SMARCAL1), PQ loop repeat containing 2 (PQLC2), Adaptin ear-binding coat-associated protein 2 (NECAP2), Insulin-induced gene 1 (INSIG1), Calpastatin (CAST -SNP1 and SNP2), Pleckstrin homology domain containing, family A member 7 (PLEKHA7), Apoptotic protease activating factor 1 (APAF1) interacting protein (APIP), Cytochrome P450 subfamily 2B (CYP2B), Occludin (OCLN), Growth hormone receptor precursor (GHR), Oncostatin M receptor (OSMR), Leukemia inhibitory factor receptor (LIFR), UDP-glucuronosyltransferase 3A1 Precursor (UGT3A1), Solute carrier family 45 member 2 (SLC45A2), Myosin-X (MYO10) and Lowdensity lipoprotein receptor-related protein 5 fragment (LRP5). *P < 0.05; **P < 0.01; † P < 0.10. Estimates of additive and dominance effects for PARP14 and ASNSD1 were not performed because only 2 genotypes occurred. low RFI with a predicted effect of -75 g/d. However, only 6 steers in the population had this genotype so it may not be accurate and should be regarded with caution. There were 162 heterozygous genotypes with a predicted effect RFI of 69.4 g/d compared with 6.36 g/d for the other homozygous genotype (n = 354). The effects associated with genotypes 1 and 2 were not significantly different (P = 0.197). However, both effects were significantly different from the effect of the homozygous genotype 0. The effect of the heterozygous genotype 1 was greater than both homozygous genotypes indicating a possible overdominant effect where individuals with the heterozygous genotype have the greatest RFI.
The CYP2B gene is located on chromosome 18 in a QTL for FCR and close to another cytochrome gene the cytochrome P450 family 2, subfamily S polypeptide 1 (CYP2S1). The members of subfamily 2B of the cytochrome P450 genes are associated with metabolism of cholesterol, steroid hormones, and other lipids. Some of the ontology terms associated with it were electron transport, oxidation-reduction activity, and heme binding (Ashburner et al., 2000) .
Genes with Significant Additive Effect
Some genotypes showed significant additive effects on RFI as shown in Fig. 1a . For example, NECAP2 gene had significant additive effect and the preferred genotype for RFI was the homozygous genotype 2 at -128.1 g/d. Although the dominance effect was not significant (P = 0.12), the 3 genotypes showed a trend of partial dominance (Table 4 ; Fig. 1a ). The gene also had an intermediate frequency resulting in relatively good estimates of the allele effects. Other genes in this class include OCLN and OSMR (Fig. 1a) .
Genes with Significant Dominance Effects
Two SNP located in UMPS and CAST (1) genes showed significant dominance effects (Fig. 1b) and other genes, ACAD11, CAST (2), GHR, and UGT3A1, showed an overdominant effect (Fig. 1c) . Both SNP located in the CAST gene (CAST1 and CAST2) had significant dominance effects and CAST (1) also showed significant additive effects.
Significant associations between the CAST gene and RFI were previously observed in steers (McDonagh et al., 2001 ) and pigs (Gandolfi et al., 2011) . The CAST gene has also been associated with meat quality (Morgan et al., 1993; McDonagh, 1998; Barendse, 2002; Casas et al., 2006) . These associations could partially explain the correlation between RFI and meat quality traits such as meat tenderness (McDonagh et al., 2001 ) and the previously reported negative phenotypic correlation (-0.33) between RFI and Warner-Bratzler shear force (Ahola et Tables 3 and 4. (b) Predicted genotype effects for genes containing SNP showing dominance effects on RFI. The predicted effect of the heterozygous genotype (genotype 1) was closer to 1 of the homozygous genotypes than the other and was not equal to the average of the 2 homozygous genotypes (genotypes 0 and 2). The type of alleles in each genotype and their corresponding effects can be obtained in Tables 3 and 4 , respectively. (c) Predicted genotype effects for genes containing SNP showing overdominance effects on RFI. The predicted effect of the heterozygous genotype (genotype 1) exceeded the value of 1 of the homozygous genotypes such that the heterozygous genotype conferred more superiority (or inferiority) on the trait than either homozygous genotypes 0 or 2. The alleles in corresponding to each genotype and their effects can be obtained in Tables 3 and  4 . NECAP2 = Adaptin ear-binding coat-associated protein 2; OCLN = Occludin; OSMR = Oncostatin M receptor; UMPS = Uridine 5 -monophosphate synthase; CAST (1) = Calpastatin (SNP1); ACAD11 = Acyl-CoA dehydrogenase family member 11; CAST (2) = Calpastatin (SNP2); GHR = Growth hormone receptor precursor and UGT3A1 = UDP-glucuronosyltransferase 3A1 Precursor. al., 2007) . However, further studies need to be conducted to assess the association between the 2 specific SNP analyzed in this study and meat tenderness in beef cattle.
Analysis of Gene Networks and Biological Processes
The gene interaction network reconstructed included only 13 genes out of the 24 genes found to be significantly associated with RFI in this study (Fig. 2) . Additional genes that had not been analyzed in this study but were present in the network were identified as potential candidate genes for RFI.
We identified 2 major hubs in the gene network: the first hub was associated with the UBC gene and the second hub was associated with the insulin induced gene 1 (INSIG1). In addition, there was a minor hub associated with the LIFR gene (Fig. 2) .
The hub associated with the UBC gene had multiple interactions with other genes including PLEKHA7, PARP14, SMARCAL1, UBA5, LRP5, CAST, and INSIG1 (Fig. 2) . The UBC gene also interacted with ERK1/2 through LRP5, UBA5, GHR, OSMR, or LIFR. The UBC hub represented biological processes related to the regulation of gene expression by processes such as endoplasmic reticulum associated degradation of proteins (ERAD), lysosomal degradation, protein degradation via the proteasome, activation of transcription factor NF-κB, cell signaling, and DNA repair (Ashburner et al., 2000) . This hub therefore, among other processes, indicates the role played by processes that regulate protein function through protein degradation and because most of the proteins associated with the UBC hub were enzymes (Fig. 2  legend) , the UBC hub seems to be involved in regulation of enzyme activity possibly through protein degradation.
The INSIG1 gene hub had interactions with other molecules including lysophosphatidylcholine acyltransferase 3 (LPCAT3), acyl-CoA synthetase short chain family member 2 (ACSS2), ELOVL fatty acid elongase, acetoacetyl CoA synthetase (AACS), endoplasmic reticulum lipid raft associated protein (ERLIN2), 3-hydroxyl-3-methylglutaryl-CoA synthase 2 (HMGCS2), and STAR related lipid transfer. This hub represents biological processes related to energy, lipid, and steroid metabolism. The importance of lipid and steroid metabolism for RFI was previously reported by Richardson and Herd (2004) and Naik (2008) .
The LIFR hub (which also interacts with the UBC hub) had links with JAK gene and glycoprotein 130 (GP130). The LIFR also interacted with CLCF1, ERK1/2, STAT5, GHR, and OSMR. This hub represents biological processes such as growth, cytokine mediated signaling, and immune responses. The ERK1 is a protein kinase involved in cell growth, adhesion, survival, and differentiation by regulating transcription, translation, and cytoskeleton rearrangements. It also causes phosphorylation of several transcription factors resulting in regulation of meiosis and mitosis and postmitotic functions of cells. The ERK1 is also involved in lysosome processing and endosome cycling (Lancet et al., 2008) . The LIFR combines with GP130 to form a receptor complex whereas JAK is a nonreceptor kinase that transduces the cytokine-mediated signal via the JAK-STAT pathway. Janus kinases are highly expressed in immune cells and responsible for signal transduction in response to activation via tyrosine phosphorylation by interleukin receptors (Lancet et al., 2008) . Immune and stress responses were previously reported to be associated with RFI (Richardson and Herd, 2004) although the results have been inconsistent across different studies. The ERK1/2 genes are also involved as activators of transcription for genes including leptin and GH (Hoque et al., 2009 ) and thereby influencing biological processes including energy, lipid, and cholesterol metabolism.
In summary, the genes and biological processes identified in the candidate gene association analysis and gene network analysis included genes with functions that impact RFI by regulating processes at the genomic level such as regulation of DNA replication, repair and recombination, transcription and translation, and those processes related to the metabolism of carbohydrates, lipids, proteins, cholesterol, vitamins, minerals, and nucleic acids. In addition, some of the significant processes were involved in immunity such as antigen presentation, immune cell trafficking, and inflammatory response.
These processes are similar to those observed by Richardson and Herd (2004) and go further to show support for some of the SNP identified in this study being associated with variation in RFI. However, although the biological processes identified to be associated with variation in RFI have been consistent across several studies (Rolf et al., 2012) , there are still several studies reporting different significant genes. For example, from this study, the only genes that were reported in previous studies were GHR (Sherman et al., 2008; Chen et al., 2012) and CAST (McDonagh et al., 2001) .
Conclusion
This study reports 25 SNP associated with variation in RFI in beef cattle accounting for 19.7% of the phenotypic variation in RFI. However, the utility of these genes for selection requires some factors to be considered. First, an independent validation should be done before they are used in practice by the industry. Second, some of the SNP genotypes showed significant overdominance effects and this needs to be taken into account in their use; for example, they may be useful in crossbreeding animals to combine the different alleles. Third, some of the SNP may have pleiotropic effects such as the 2 SNP located in the CAST gene, which may also influence meat quality, especially meat tenderness. If these findings are further validated, then these SNP could be used to develop a MAS SNP panel to select for RFI in beef cattle with increased accuracy.
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